Carbon nanotube production from greenhouse gases during syngas synthesis by Moothi, Kapil
CARBON NANOTUBE PRODUCTION FROM GREENHOUSE 
GASES DURING SYNGAS SYNTHESIS 
 
 
Kapil Moothi 
 
A dissertation submitted to the Faculty of Engineering and the Built Environment, 
University of the Witwatersrand, in fulfillment of the requirement for the degree of 
Master of Science in Engineering. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Johannesburg, 2009
 i 
DECLARATION 
 
I declare that this dissertation is my own, unaided work.  It is being submitted for the 
Degree of Master of Science in the University of the Witwatersrand, Johannesburg.  It 
has not been submitted before for any degree or examination in any other University. 
 
 
_________________________________________ 
(Signature of candidate) 
 
_________day of _________________20________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ii 
ABSTRACT 
 
The impact of climate change around the world has led governments, institutions and 
industries to increase their efforts to combat it by seeking new and innovative 
technologies.  Carbon dioxide (CO2) is believed to be the primary reason for global 
warming.  Therefore, the capture and transformation of some of the billions of tons of 
CO2 produced annually by burning fossil fuels into useful products such as carbon 
nanotubes (CNTs) and carbon nanofibers (CNFs) is one of the methods being pursed in 
current research activities. The conversion of two major greenhouse gases, CO2 and 
methane (CH4), into CNTs and synthesis gas, which is a mixture of carbon monoxide 
(CO) and hydrogen (H2) has been studied experimentally by passing a CO2/CH4 mixture 
through a vertically orientated Chemical Vapour Deposition (CVD) reactor at 
temperatures ranging from C°650  to C°950 . Two different catalysts were used, a 
lanthanum nickel alloy (LaNi5) and a mischmetal nickel alloy. Transmission electron 
microscopy (low and high magnification), Raman spectroscopy and gas chromatography 
were used to analyze the products from the experiment. The apparent activation energy 
for CH4 and CO2 consumption, and H2 and CO production were estimated to be 41.7, 
47.5, 54.5 and 47.5 kJ/ mol, respectively in the temperature range 1023 – 1123K. The 
CO2 and CH4 were decomposed, forming CNFs and CNTs as shown by the transmission 
electron microscope images. The findings showed that as the temperature increased the 
CNFs and CNTs became, less defined and fewer in number. The mischmetal nickel alloy 
had a smaller amount of amorphous carbon deposit compared to the lanthanum nickel 
alloy. 
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CHAPTER ONE 
 
1.0 Introduction 
 
1.1 Background and Motivation 
 
The world continues to become increasingly industrialized due to globalization, leading 
to humankind consuming fossil-fuel based resources at an ever-growing rate. This 
resulting in the emission of greenhouse gases (in particular carbon dioxide and methane), 
playing an increasing role in global warming. These emissions have to be mitigated in 
order for the effects of global warming to be diminished and controlled. CO2 has an 
atmospheric lifetime that could effectively be tens of thousands of years whilst CH4 has 
an atmospheric lifetime ranging from nine to 15 years. As discussed by Zwaan and 
Gerlagh (2006) the issue of climate uncertainty is one that calls for society to change its 
energy supply from one that is fossil fuel based to one that is free of carbon emissions.  
 
In order to avert this concern, new and viable alternatives to current methods of CO2 
capture, use and sequestration need investigation. A promising field is converting it (and 
CH4) to something else such as carbon nanotubes (CNTs) which are less harmful to the 
environment and even economically viable (Xu and Huang, 2007; Chai et al., 2007). 
CNTs have arisen as a dynamic field of research due to their properties.  A high thermal 
conductivity (6000 W/mK) in comparison to copper (401 W/mK), an electrical 
conductivity six times higher than copper (Bethune et al., 1993), as well as extraordinary 
 2 
mechanical properties i.e. a Young’s modulus over 1 Tpa and an estimated tensile 
strength of 150 GPa (Serp et al., 2003; Treacy et al., 1996). 
 
As a result of these unique and useful properties, CNTs have found potential application 
in the fields of hydrogen storage, field emitters, fuel cells (Lozovik et al., 2003; Conteau 
et al., 2003; Philip et al., 2003), polymer composites (Shofner et al., 2003), catalyst 
support (Bezemer et al., 2006) and water purification (Park et al., 2000). In order to 
realize large-scale CNT applications they are to be grown in large quantities. The 
Chemical Vapour Deposition (CVD) method has emerged as the best hope for cost-
effective mass production of CNTs. The reforming of CH4 with CO2 process produces 
CNTs and valuable synthesis gas (a mixture of H2 and CO). This method of production 
may well prove to be economically viable as the synthesis gas produced is with a low 
H2/CO ratio, and sold to energy companies for Fischer-Tropsch synthesis to liquid 
hydrocarbons and oxygenated derivatives. 
 
1.2 Aim and Objectives 
 
The main aim of the study is to selectively produce CNTs from greenhouse gases in the 
reforming of CO2/CH4 with synthesis gas as a by product. Thus, the following objectives 
will be undertaken: 
 
• Production of CNTs from CO2 only, CH4 only and reforming of CO2/CH4 by 
catalytic chemical vapour deposition method (CCVD). 
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• Characterize the as-synthesised CNTs using Raman spectroscopy and 
Transmission Electron Microscopy. 
• Determine the best catalyst for carbon nanotube synthesis. 
 
1.3 Hypothesis 
 
Carbon nanotubes simultaneously produced from greenhouse gases during reforming of 
CO2/CH4 to synthesis gases. 
 
1.4 Dissertation Outline 
 
Chapter 1 looks at the background and motivation, aim and objectives and the hypothesis 
of this study. Chapter 2 is a literature review regarding CNTs, their types, structure, and 
growth mechanism, methods of production, properties and applications. Also discussed is 
CH4 and CO2 decomposition as well as dry reforming of CH4. 
 
Chapter 3 is the experimental section, consisting of CNT growth by Catalytic Chemical 
Vapor Deposition (CCVD) method and the characterization techniques used for the 
analysis of the as-grown CNTs and synthesis gas. 
 
Chapter 4 presents the results and discussion. Finally, the conclusion and 
recommendations of this research are in Chapter 5. 
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CHAPTER TWO 
 
2.0 Literature Review 
 
2.1 Carbon 
 
The most abundant element in the world is carbon and is the sixth element of the Periodic 
Table of Elements with a valency of four. The unique structure of carbon and its high 
valency allow it to exist in many alternative forms, referred to as allotropes. Carbon in its 
solid ground state, for example diamond, exhibits sp3 covalent bonding with carbon 
atoms bonded to four other carbon atoms in a tetrahedral 3-D lattice. Figure 2.1 shows 
the schematics of different carbon materials (Iyuke and Mahalik, 2005). 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: The structures of carbon (diamond, fullerene, graphite and CNT) 
 
Diamond 
Fullerene 
Graphite Carbon Nanotube 
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In the condensed phase, carbon has a hexagonal ground state of graphite with sp2 
hybridization. Another pure crystal form of carbon is fullerenes, with the spherical C60 
molecule, commonly known as bucky balls observed by Smalley and his co-workers in 
1985 (Kroto et al., 1985). 
 
2.2 Carbon Nanotubes 
 
Carbon nanotubes (CNTs), another form of allotropes of carbon were characterized in the 
early 1990’s (Iijima, 1991; Iijima and Ichihashi, 1993; Thess et al., 1996) whereby two 
classes of CNTs were observed. A single-wall carbon nanotube (SWCNT) is a crystalline 
one-atom thick sheet of graphite rolled up into a hollow graphite cylinder with a diameter 
varying from nm4.0  to nm2  and a length in the order of microns (Szleifer and 
Yerushalmi-Rozen, 2005). CNTs consisting of a number of concentric graphitic layers 
with diameters varying from nm10  to nm100 , and a length greater than mµ10  are termed 
multi-walled carbon nanotubes (MWCNTs) (Kaneto et al., 1999). Figure 2.2 illustrates 
the different types of CNT structures i.e. SWCNTs, double-wall CNTs (DWCNTs), 
MWCNTs and ‘peapods’. ‘Peapods’ are CNTs that are packed with fullerenes (Smith et 
al., 1998). 
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Figure 2.2: The basic atomic structures of CNTs (Dresselhaus et al., 2003) 
 
2.3 Structure of Carbon Nanotubes 
 
The CNT structure has been characterized using transmission electron microscopy (TEM) 
and scanning tunneling microscopy (STM), confirming that nanotubes are seamless 
cylinders derived from the honeycomb lattice of the graphene layers of single atomic 
crystalline graphite, shown in Figure 2.3. 
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Figure 2.3: Two dimensional hexagonal real lattice of graphene where the chiral vector 
OA  or Ch  is defined by unit vectors 1a  and 2a  (Dresselhaus et al., 2001) 
 
Specification of the structure of an individual tube is in terms of the vector Ch , which is 
joining two equivalent points on the original graphene lattice as depicted in Figure 2.3. 
The cylinder is produced by rolling up the sheet such that the two ends of the vector are 
superimposed. 
 
Using the notation detailed by Dresselhaus et al. (2001), each pair of integers ( )mn,  
represents a possible tube structure as illustrated in Figure 2.4. 
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Figure 2.4: Possible chiral vector specified by the pair of integers ( )mn,  for general 
nanotubes, including zigzag, armchair and chiral nanotubes. The encircled dots denote 
metallic nanotubes while the small dots are for semiconducting nanotubes. 
 
The vector Ch  is expressed as shown in equation 2.1. 
 
( ) ( )21 amanCh +=
             (2.1) 
 
Where: 
1a  and 2a , are the unit cell base vectors of the graphene sheet 
nm ≤≤0  
 
There are three main groups of nanotubes, which depend on the indices ( )mn, . Armchair 
nanotubes formed when mn =  thus, the angle between the chiral vectors is °30 . These 
nanotubes display metallic characteristics. Zigzag nanotubes as discussed by O’Connell 
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(2006) are classified as such when 0=m  and 0>n ; whereas chiral nanotubes are 
created when 0 < |m| < n. Equation 2.2 gives the nanotube diameter. 
 
( ) pipi //3 2/122 Chmnmnad cct =++= −          (2.2) 
 
Where: 
Ch , is the length of the chiral vector 
 cca − , is the carbon atom bond length ( nm142.0 ). 
 
The angle between the zigzag axis and chiral vector is the chiral angle, θ  given by 
equation 2.3. 
 








+
=
−
mn
m
2
3
tan 1θ              (2.3) 
 
Classification of the different CNT structures together with a schematic model of the 
capping of the tubes is, depicted in Figure 2.5. 
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Figure 2.5:  Three different types of SWCNTs a) armchair, b) zigzag and c) chiral 
(O’Connell, 2006) 
 
2.4 Growth Mechanism for Carbon Nanotubes 
 
The growth mechanism for formation of CNTs is unclear, as the growth dynamics of 
CNTs are not yet completely understood (Ando et al., 2004; Lee et al., 2001). This 
section provides an overview of research conducted in this aspect. As discussed by 
Vinciguerra et al. (2003), the growth of CNTs happens very rapidly since almost all of 
the growth transpires within the first 60 seconds. Studies conducted by Kim et al. (2002), 
have shown that growth rates as high as min/60 mµ are possible. The diameter of the 
CNTs that are grown is temperature dependent (Ducati et al., 2002). 
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CNTs grow from catalyst particles, as shown on the schematics in Figure 2.6. The 
strength of the interaction between the catalyst particle and the substrate determines the 
type of growth. Where the catalyst maintains its contact to the substrate it is base-growth, 
or it loses contact (tip-growth) (Dresselhaus et al., 2001). The growing CNT can have a 
catalyst particle on one or on both sides. CNTs do not grow on every accessible catalyst 
particle surface. It is not well understood as to which qualities the catalyst surface must 
provide to allow the nucleation necessary for the growth of a CNT (Rotkin and 
Subramoney, 2005; Ebbesen, 1997). 
 
 
Figure 2.6: Schematic of the two growth modes generally considered for CNTs, base 
growth and tip growth (Ando et al., 2004) 
 
The size of the catalyst particle also governs whether formation of SWCNTs or 
MWCNTs occurs. A catalyst particle size of a few nanometers would form SWCNTs, 
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whereas particles having a size of a few tens of nanometers would favour MWCNT 
formation (Lee et al., 2001; Kukovitsky et al., 2002). A possible mechanism for the 
growth of CNTs using a hydrocarbon discussed by Nagy et al. (2007) is shown in Figure 
2.7. 
 
 
Figure 2.7: Schematic view of the mechanism for the formation of SWCNTs. a) 
adsorption and decomposition of the hydrocarbon, b) diffusion in the liquid surface layer 
of the particle, c) super-saturation of the surface and formation of the cap, d) growth of 
the SWCNT 
 
Heating the methane feedstock causes its molecules to break up at the surface of the 
catalyst. The carbon atoms diffuse away (formation of radicals in gas phase) and form the 
SWCNT at another location. A possible explanation of this diffusion is due to the 
dissociation of methane into carbon and hydrogen being a highly exothermic reaction 
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resulting in local heating of the catalyst particle (Furer, 2006). The hydrogen reduces the 
catalyst locally and slows down a too fast radical formation. Consequently, this reduces 
the development of amorphous carbon on the surface. The carbon diffuses to a colder 
spot (Klinke et al., 2005) resulting in a carbon and a temperature gradient within the 
catalyst particle (Ducati et al., 2004). 
 
2.5 Synthesis Methods for Carbon Nanotubes 
 
Three methods currently used for the synthesis of CNTs are arc discharge, laser ablation 
and catalytic decomposition of hydrocarbons (generally referred to as the chemical 
vapour deposition (CVD) method).  The carbon products obtained by these three methods 
differ from each other since each has its own growth dynamics and each method has its 
own advantages and disadvantages. 
 
2.5.1 Arc Discharge 
 
This method according to Keidar (2007) is the most practical method for synthesizing 
SWCNTs and has become a commonly used technique for carbon nanotube production. It 
produces SWCNTs with fewer defects than a method that operates at low temperature 
such as CVD. However, the tubes tend to be short with random sizes and directions and 
often require a lot of purification. It also has a drawback, as it is a non-continuous 
synthesis process. It needs periodic shutdowns to allow for replacement of the graphite 
electrode and product collection (Zeng et al., 2006). 
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The arc discharge technique involves the use of two high-purity graphite rods as the 
cathode (diameter of nm128 − ) and anode (diameter of nm86 − ). A DC electric 
discharge is established between the pair under an inert gas atmosphere (helium or argon) 
at a low pressure. A bias of 10-35V is applied to the electrodes (which are separated by 
mm1 ) to establish the discharge, producing currents of 60-100A and current densities of 
150 A/cm2. The resulting carbon vapour allows for assembly of CNTs, found in the 
cathode deposits. The main factor in establishing an optimum environment for carbon 
nanotube production is the stability of the discharge plasma (Kingston and Simard, 2003). 
SWCNT synthesis requires doping of the anode with a small amount of metallic catalyst 
particles such as Ni, Co, Mo and Fe (Zeng et al., 2006). Figure 2.8 shows a simplified 
schematic drawing of arc discharge apparatus (Kingston and Simard, 2003). 
 
 
Figure 2.8: Schematic representation of an arc discharge apparatus 
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The synthesis of MWCNTs were the graphite anode is dipped into an open container of 
liquid nitrogen containing a short non-consumable copper or graphite cathode may prove 
economically viable as expensive inert gasses are not required (Zeng et al., 2006). 
 
2.5.2 Laser Ablation 
 
In this technique, laser pulses heat a carbon target, commonly graphite. The subsequent 
use of the resulting gas is the formation of SWCNTs (Munoz et al., 2000). This method 
has not achieved wide scale use, as it requires expensive equipment such as the laser to 
set-up, operate and maintain. As described by Maser et al. (2002), in order to achieve 
economically viable production of CNTs the following aspects are desired: continuous 
production; cheaper feedstock materials; and a more efficient process for the preparation 
of the target materials. 
 
This process has a horizontal setup, consisting of a solid graphite target that is mounted in 
a quartz tube placed in a temperature-controlled oven. After sealing and evacuating the 
tube, a buffer gas (argon or helium) flows through it. The vapourisation of the target rod 
is performed by a pulsed Nd:YAG laser, producing a carbon based soot that is swept out 
of the furnace zone by the carrier gas. This soot, containing well graphitized MWCNTs 
and fullerenes is deposited on the water-cooled collector (Maser et al., 2002). Figure 2.9 
depicts the apparatus used for laser ablation. 
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Figure 2.9: Schematic representation of laser ablation apparatus (Kingston and Simard, 
2003) 
 
Production of SWCNTs can transpire if the graphite rod is doped with transition metal 
catalysts such as Co, Ni and Fe. The most efficient way for SWCNT production is the use 
of equal parts of 0.5-1.0% each of Co and Ni powders in the graphite target. As a result, 
laser vapourisation has come be used almost exclusively for the fabrication of SWCNTs 
(Kingston and Simard, 2003). Munoz et al. (2000) observed that the type of ambient gas 
(argon, nitrogen or helium) and its pressure that is used influences the formation of the 
SWCNTs. 
 
2.5.3 Chemical Vapour Deposition (CVD) 
 
This process as described by McBride (2001) is one that allows the manufacturer to avoid 
the practice of separating nanotubes from the carbonaceous particulate that often 
accompanies the other two methods of synthesis. The basic principle of this method 
involves the cracking of gas-phase carbon-rich molecules (methane, acetylene or carbon 
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monoxide) in the presence of a catalyst at elevated temperatures. These reactive radical 
carbon molecules then diffuse and bond on the catalyst leading to the formation of CNTs. 
 
CVD synthesis consists of two key categories, namely supported catalyst or floating 
catalyst growth. The catalysts used are typically Ni, Fe or Co. The choice of catalyst 
plays a central role in determining the formation of SWCNTs. The chemical and textual 
properties of the catalyst used affect the yield and quality of SWCNTs that are produced. 
The choice of carbon source is also a key element to the growth of SWCNTs containing 
no defects and amorphous carbon over-coating.  
 
In supported growth process, prepared catalyst deposited on a support medium is placed 
in a tube at atmospheric pressure. The tube is inside a temperature-controlled furnace so 
that the carbon-rich gases can flow through the tube at temperatures ranging from 
C°−1100500  for the requisite time. For floating catalyst growth, the basic difference lies 
in that the catalyst and gas are injected into the system concurrently, in the gas phase 
(Kingston and Simard, 2003). CVD apparatus are designed to be either horizontal or 
vertical. A typical catalytic chemical vapour deposition system equipped with a 
horizontal tubular furnace as the reactor is shown in Figure 2.10. 
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Figure 2.10: Schematic of catalytic CVD furnace operated either as floating catalyst or as 
substrate catalyst (Iyuke and Mahalik, 2005) 
 
Vertically orientated CVD reactors are shown in Figure 2.11, configured to produce 
CNFs and MWCNTs under fluidized bed conditions (FB-CVD). 
 
 
Figure 2.11: a) standard FB-CVD reactor, b) FB-CVD reactor with gas pre-heating, and 
c) vibro-fluidized-bed reactor (Philippe et al., 2007) 
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As discussed by Kong et al. (1998) it is critical to gain an understanding of the chemistry 
involved in the role of the catalyst and the CNT growth process. This will allow for the 
successful industrial application by CVD in the production of CNTs. The CVD process 
presents the best hope for large-scale production of CNTs owing to its relatively low cost 
and potentially high yield (Su et al., 2001; Xiang et al., 2007). Success of CNT utilization 
in various sectors is strongly dependent on the development of simple, efficient and 
inexpensive technologies for mass production. 
 
2.6 Properties and Applications of Carbon Nanotubes 
 
Many unique and fundamental properties (electronic, thermal, mechanical and 
adsorption) that CNTs possess make them potentially viable in a broad range of 
applications. 
 
2.6.1 Electronic 
 
The key factors in determining whether a SWCNT would exhibit behaviour of a 
conductor or a semi-conductor are the diameter and chirality of the carbon nanotube 
(Szleifer and Yerushalmi-Rozen, 2005; Katok et al., 2006; Kaneto et al., 1999; Odom et 
al., 1998). As the electrical properties of SWCNTs are dependant on the geometrical 
parameters of helicity (armchair, zigzag or chiral) and diameter, it has become important 
to be able to manipulate these parameters for feasible applications in the electronic 
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industry i.e. superconductors, single molecular transistors or magnetic recording devices 
(Lou et al., 2003). 
 
SWCNTs with armchair structure are metallic whilst those with the zigzag arrangement 
demonstrate semi-conductor behaviour (Serp et al., 2003; Bethune et al., 1993). Hamada 
et al. (1992), describes that the variation of the band structure, which accounts for the 
differing conducting behaviour is due to the 2-D band structure of graphite. The unique 
properties of CNTs as described by Teo et al. (2003), where CNTs act as electrical 
conductors with a complete covalent bond allow them to avoid problems of atomic 
diffusion or electronic migration. 
 
2.6.2 Thermal 
 
A key feature of CNTs described by Thostenson et al. (2001), is the thermal stability it 
exhibits under reaction conditions of C°2800  (in a vacuum) whilst also displaying a 
thermal conductivity approximately twice as high as that of diamond. Thermogravimetic 
analysis (TGA) provides an easy method to learn about the resistance of CNTs towards 
temperature. It has been shown that activated carbon is less stable to oxidation than 
CNTs, with the CNTs being more reactive than graphite (Serp et al., 2003). Additionally, 
determination of thermal conductivity of CNTs is by phonons at all temperatures (Hone, 
2004). CNTs present itself as an excellent material for field effect transistors (FETs) 
(Baughman et al., 2002) or as an alternative to the conventional silicon-based-
microelectronics for circuits (Hoenlein et al., 2004). 
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2.6.3 Mechanical 
 
CNTs being solely composed of strong covalently bonded carbon atoms, allow them to 
be one of the hardest wearing and durable substances discovered in modern times. This is 
revealed by the exceptionally high Young modulus, found to be in the terapascal (Tpa) 
range along with a traction resistance of 250 Gpa. This resistance to traction is one 
hundred times higher than displayed by steel, with the CNTs being six times lighter (Serp 
et al., 2003; Treacy et al., 1996). Krishnan et al. (1998) observed that values for the 
Young’s modulus of CNTs are regularly higher in comparison with bulk graphite. 
 
CNTs are highly flexible and are able to withstand twisting at right angles a number of 
times without any structural changes occurring. The millimeters-thick large area, self-
standing blocks of CNTs as grown by Musso et al. (2007), have properties such as 
elasticity, resistance under compression and being highly hydrophobic. Due to CNTs 
being inherently stiff, they can be used as probe tips for atomic force microscopy (Hafner 
et al., 2001) and scanning tunneling microscopy (Biro et al., 1997; Hafner et al., 1999). 
 
2.6.4 Adsorption 
 
Studies undertaken by Yang et al. (2001) and Inoue et al. (1998) have shown that due to 
the porous nature of MWCNTs, they could prove to be useful for efficient gas storage. 
The adsorption of nitrogen on acid treated SWCNTS as observed by Eswaramoorthy et 
al. (1999), has shown that the micro pores of the CNTs can also accommodate molecules 
such as benzene. There are two different adsorption sites for gas in a SWCNT bundle i.e. 
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the inside of the SWCNTs and the interstitial channels of the bundle. Fujiwara et al. 
(2001) found that the inside of CNTs is more stable for nitrogen and oxygen gas 
adsorption than the interstitial channels of the bundles. 
 
2.6.5 Catalysis 
 
Carbon materials are recognized as a viable catalyst support in heterogeneous catalysis as 
the properties that they possess, such as being stable at high temperatures, showing 
resistance to both basic and acidic media and chemical inertness are highly wanted 
properties of catalyst supports (Rodriguez-Reinoso, 1998). The work undertaken by Serp 
et al. (2003) describes that carbon nanotube supports have some advantages in 
comparison to activated carbon, namely, minimization of self-poisoning due to the high 
purity of the material; their porous nature could be valuable for liquid-phase reactions; 
the specific metal-support interactions that exist are able to have a direct effect on 
catalytic activity and selectivity. As these properties expressed by CNTs exceed those of 
activated carbon they could prove to be an effective support for the Fischer-Tropsch 
reaction (Van Steen and Prinsloo, 2002; Bahome, 2007). 
 
2.7 Methane and Carbon Dioxide 
 
Studies have shown that CH4 cracking produces CNTs, CNFs and hydrogen utilizing 
CVD apparatus (He et al., 2006; Gao et al., 2008). It was found that using CH4 as a 
carbon feedstock, reaction temperatures ranging from C°−1000850 , suitable catalysts 
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and flow rates, the growth of high quality SWCNTs is possible (Tibbetts, 1985; Kong et 
al., 1998; Cassell et al., 1999). Catalysts for the decomposition of CH4 are Ni/Al, 
Ni/Cu/Al2O3 and MgO impregnated with one of the group 8 to 10 metals of the periodic 
table (He et al., 2006; Weizhong et al., 2004; Ichi-oka et al., 2007). 
 
Investigations on the decomposition of CH4 allow advancement in achieving a 
sustainable production of hydrogen (Dufour et al., 2009). This may lead to hydrogen 
emerging as an economically viable source of energy in fuel cells and other applications. 
It would be ideal as a synthetic fuel because it is lightweight, highly abundant and its 
oxidative product (water) is environmentally benign, although storage remains a problem 
(Schlapbach and Zuttel, 2001). CNTs, as single-walled or multi-walled systems would 
provide an effective storage means for hydrogen in vehicles (Winter and Nitsch, 1998). 
 
Many investigations have been conducted to seek reduction of carbon dioxide using 
various methods although the CO2 molecule is chemically quite stable (Tsuji et al., 1996; 
Ohme and Suzuki, 1996; Solymosi and Kiss, 1985). The ways of handling planet-
warming CO2 emissions: capture and storage of CO2 from the flue gas of natural gas/coal 
fired power plants (Alie et al., 2005) which may require expensive technologies. Thermal 
decomposition utilizing high temperatures of approximately C°2500  for substantial 
conversion of CO2 to CO (Khedr et al., 2006) or as a raw material in heterogeneous or 
homogeneous catalytic and non-catalytic processes (Xu et al., 2005). Nevertheless, 
studies have shown the decomposition of CO2 at practical temperatures using appropriate 
catalysts. Lou et al. (2003) reported that large amounts of CNTs were synthesized by 
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reduction of CO2 with metallic lithium at C°550  and 700atm using an autoclave. An 
inventive solution as discussed by Xu and Huang (2007) has been the use of CO2, a non-
toxic gas as a carbon source in the synthesis of MWCNTs at C°790  and C°810  by a 
horizontal CVD method over Fe/CaO catalyst. The reaction mechanism followed is that 
CO2 reacts to CO and O, followed by CO disproportionation where two CO molecules 
react with each other to form carbon and CO2. Motiei et al. (2001) report another method 
of CO2 utilization for graphite production was CO2 in a supercritical state used at 
conditions of C°1000  and 10 kbar according to the following chemical reactions: 
 
    Mg (g) + CO2 (g) → MgO (g) + CO (gas) 
    Mg (l) + CO (g) → MgO (g) + C (graphite) 
Global Reaction: Mg (g) + Mg (l) + CO2 (g) → 2 MgO (g) + C (graphite) 
 
The dissociation of CO2 was also found to be possible on rare earth metals in a 
temperature range of 603 – 823K at atmospheric pressure (Arakawa et al., 1988). The 
increasing resistivity of the various metals is used as a measure of the CO2 dissociation. 
Zhang et al. (1999) showed that Wustite (Fe0.98O) can be used to reduce CO2 at reaction 
conditions of 573K and atmospheric pressure to carbon. A proposed mechanism for the 
reduction is the conversion of CO2 to CO and from CO to C. The CO is considered an 
intermediate as the CO conversion is faster than the conversion of CO2. 
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2.8 Reforming 
 
Carbon dioxide reforming (commonly known as dry reforming) of methane to produce 
synthesis gas (a mixture of CO and H2) is a process that has been researched for many 
years.  These greenhouse gases (CO2 and CH4) are the cheapest carbon-containing 
materials. Converting them into a valuable feedstock not only reduces their emissions 
into the atmosphere but can also prove to be economically beneficial. In comparison to 
steam reforming of methane (CH4/H2O) to synthesis gas, dry reforming has the following 
advantages.  Production of synthesis gas with a lower H2: CO ratio, which is suitable for 
use in the Fischer-Tropsch process to produce higher hydrocarbons; utilization of CO2, 
rather then sequestration and storage; better use in chemical energy transmission systems 
(CETS) i.e. solar, nuclear or renewable energies (Zhang et al., 1996). 
 
 
Figure 2.12: Chemical Energy Transmission System (Richardson and Paripatyadar, 1990) 
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According to the CETS design (Figure 2.12), abundant thermal energy from solar, 
nuclear, or fossil fuel sources is used to drive a reversible endothermic reforming reaction 
to equilibrium. The gaseous products can then be stored or transported to other process 
sites. When energy is needed, the reverse exothermic reaction can be driven to 
equilibrium, generating process heat. Products of the exothermic reaction can then be 
recycled back to the original reactor for reforming once again through the aid of the 
abundant thermal energy source (Richardson and Paripatyadar, 1990). Dry reforming has 
a further advantage to steam reforming in terms of a CETS because all species are in gas 
phase at atmospheric conditions, making transport and recycling of the species easier. 
 
Edwards and Maitra (1995) discuss that suitably supported Group VIII elements in their 
reduced forms, especially Ni, Ru, Rh, Pd, Ir and Pt are effective catalysts for the dry 
reforming of methane. Some of the catalysts used in this reaction are NiO/Al2O3 (Chen et 
al., 2005), supported Ni-Ce and Ni-Co (Yang et al., 2002), Ni-MgO (Shamsi, 2004), Ni-
SiO2 (Effendi et al., 2003) and supported CoOx with MgO, ZrO2 or CeO2 (Mondal et al., 
2007). 
 
A long-standing problem with this process is that carbon deposits deactivate the catalysts 
(particularly the nickel-based catalysts) during the reaction (Chen et al., 2001).  Research 
has been conducted to reduce the coke formation on the catalyst by making it more 
carbon resistant (Hou et al., 2005, Takanabe et al., 2005). The conversion of CO2 to 
carbon has been found to be efficient, even more so than converting it to synthesis gas 
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(Ross, 2005). Carbon nanofibres (CNFs), including CNTs, were discovered on the 
catalysts used for dry reforming by Gallego and his co-workers (Gallego et al., 2008).  
 
2.8.1 Network of Reactions 
 
In addition to the main reaction (equation 2.4), there are possible side reactions that are 
thermodynamically favourable at C°750  (Bradford and Vannice, 1999). These are 
Reverse Water-Gas Shift Reaction (RWGS), steam reforming of CH4, CH4 
decomposition, carbon removal reactions and reactant cross products (Song et al., 2008; 
Zang, 2008). The reactions are listed as: 
 
CH4 + CO2  2CO + 2H2             (2.4) 
H2 + CO2  CO + H2O            (2.5) 
CH4 + H2O  CO + 3H2            (2.6) 
 CH4  C + 2H2             (2.7) 
C + CO2  2CO            (2.8) 
C + H2O  CO + H2             (2.9) 
CH4 + 2CO2  3CO + H2O + H2        (2.10) 
CH4 + 3CO2  4CO + 2H2O         (2.11) 
 
It is possible to determine the number of independent reactions that are required to 
describe the system. Achievement of this is by obtaining the rank of the stoichiometric 
coefficient matrix (Fogler, 1986). The stoichiometric coefficient matrix expressed by 
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equation 2.12 where the coefficients of reactants are taken with a negative sign and those 
of products are taken with a positive sign (equations 2.4 – 2.11).  
 
CH4 CO2 CO H2 H2O C 


























−−
−−
−−
−−
−
−−
−−
−−
020431
011321
111100
100210
102001
013101
011110
002211
        (2.12) 
 
Reducing the matrix, equation 2.13 can be derived from equation 2.12. The rank of the 
matrix shown by equation 2.13 is three, and correspondingly any three independent 
equations can be selected to describe the reaction system sufficiently. Hence, equations 
2.4, 2.5, and 2.7 as 1 set of independent reactions could be chosen.  
 
CH4 CO2 CO H2 H2O C 


























−
−−
−−
000000
000000
000000
000000
102001
000000
011110
002211
        (2.13) 
 
 29 
2.8.2 Kinetics 
 
Generally, catalysts are used to speed up chemical reactions. Therefore, an effective 
catalyst should be able to adsorb the reactants, and at the same time, facilitate the 
formation of the products. The entire reaction process should have a zero net-effect on 
the catalyst, leaving it unaltered and available for further reaction. The chemical 
equilibrium of a chosen reaction, if it can be reached, is determined entirely by the 
thermodynamics of that reaction. Consequently, an unfavoured reaction, from the 
thermodynamic perspective, will remain unfavoured – irrespective of whether a catalyst 
is present or not. The introduction of a catalytic substance only affects the kinetics of the 
system (Abild-Pedersen, 2005). The concepts discussed in the following concern 
interacting reactants on heterogeneous catalysts, such as metal surfaces, where the 
catalyst and the reactants are in different phases. 
 
The study of the kinetics of dry reforming began with work conducted by Bodrov et al., 
in 1967 over a variety of Ni-based catalysts. It was found that the kinetics for CO2 
reforming of CH4 over a Ni film in a temperature range of C°− 900800 , matched the 
kinetic model they had constructed from a similar study of steam (H20) reforming of CH4 
(Bodrov and Apelbaum, 1967). The model proposed by Bodrov to describe the dry 
reforming reaction is shown below, whereby * denotes an active site on the catalyst 
surface, → depicts a slow irreversible reaction, and  represents a quasi-equilibrated 
reaction: 
 
CH4 + * → CH2* + H2         (2.14) 
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CO2 + *   CO + O*         (2.15) 
O* + H2   H2O + *         (2.16) 
CH2* + H2O   CO* + 2H2        (2.17) 
CO* +   CO + *          (2.18) 
 
This model uses the assumption that CH4 does not react with CO2 but rather with the H20. 
After the CH4 has dissociated to CH2 and H2 (equation 2.14), and after the Reverse 
Water-Gas Shift Reaction has produced H2O (equations 2.15 and 2.16), the remaining 
methane-derived CH2 species is reformed with H2O to produce a net result of 2CO and 
2H2 (equations 2.17 and 2.18). Since the Reverse Water-Gas Shift Reaction is assumed to 
be fast relative to the first step of methane activation and decomposition, it is expected 
that the kinetics be nearly the same for CO2 reforming as for H2O reforming of methane 
(Witmore, 2007). Current research on the initial proposal of the reaction mechanism by 
Brodov has yielded interesting results with proposals of both modified and alternative 
reaction mechanisms, which are dependent on catalyst type, carrier or temperature. An 
understanding of the elementary steps which may or may not be involved in the 
mechanism is necessary in order for the kinetics of the overall catalytic dry reforming 
reaction to be understood fully. 
 
Studies by Rostrup-Nielsen (1972) on the equilibria of CH4 and CO decomposition on 
different Ni catalysts (temperature range C°− 750450 ) showed that equilibrium 
constants of CO dispropotionation and CH4 decomposition were influenced by Ni 
catalysts. This resulted in higher equilibrium concentrations of CO and CH4, respectively 
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than those predicted using graphite equilibria. This deviation from the thermodynamic 
graphite calculation was accounted for by the presence of a more disordered structure of 
the carbon i.e. whiskers (or CNFs). Subsequent research in this area by Rostrup-Nielsen 
(1994) details insights into the carbon deposition reactions over Ni catalysts. 
 
In steam methane reforming, were the primary carbon deposition route is methane 
decomposition; Rostrup-Nielsen (1994) describes carbon formation to be related to one 
of two conditions. One limit, which results in carbon formation, is a kinetic allowance in 
spite of overall thermodynamics. The conditions allow methane to decompose into 
carbon instead of reacting with steam even though thermodynamics predict no carbon 
formation after equilibrium of the reforming and shift reactions. The other limit in which 
carbon may form is dictated by thermodynamics; carbon will be formed if the 
equilibrated gas shows affinity for carbon. 
 
Rostrup-Nielsen and Hansen (1993) conducted research of CH4 decomposition, CO 
disproportionation, and dry reforming using Ni and noble metals as catalysts. Equilibrium 
constants for methane decomposition were discovered to be smaller for noble metals than 
Ni, deviating more from the graphite equilibrium. At C°500 , the highest rate of carbon 
formation through methane decomposition followed the order Ni >> Rh> Ir,Ru > Pt, Pd, 
whilst at C°650 , the order was Ni > Pd, Rh > Ir > Pt > Ru. In the dry reforming studies 
that was conducted in the temperature range of C°− 600550 , the activity followed the 
order Ru, Rh > Ir > Ni, Pt, Pd. 
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Wang and Au (1996) showed that the isotopic effects of CH4/CD4 in CO2 reforming of 
CH4 over Ni/SiO2 catalyst indicated that dissociation of CH4 is the rate-determining step. 
However, Slagtern et al. (1997) reported that the surface reaction between C species from 
CH4 cracking and oxygen-adsorbed species derived from CO2 dissociation is the rate-
determining step. Hu and Ruckenstein (1997) also concluded the surface reaction 
between C and O species to be the rate-determining step over Ni catalysts through 
transient response analysis. Bradfrod and Vannice (1996) investigated and developed a 
kinetic model based on CH4 dissociative adsorption to form CHx species and CHxO 
decomposition as rate-determining steps. In addition, Tsipouriari and Verykios (2001) 
reported another kinetic model by using the assumption that CH4 cracking and surface 
reaction between C and oxycarbonate species are rate-determining steps over Ni/La2O3 
catalyst. The proposed mechanistic steps, which lead to the production of CO and H2: 
 
CH4 + S  S-CH4        equilibrium 
C-CH4 S-C + 2H2     
CO2 + La2O3  La2O2CO3      equilibrium 
La2O2CO3 + C-S  La2O3 + 2CO + S  
H2 + 2S  2S-H        equilibrium 
La2O2CO3 + H-S  La2O3 + CO + S-OH- 
S-OH- + C-S  S-CO + S-H (s) 
S-OH + S-H  H20 +2S 
S-CO > CO + S 
CO2 +S  S-CO2 
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S-CO +H-S  S-CO + OH-S       slow 
S-OH + H-S  H2O + 2S 
 
Erdohelyi et al. (1993) studied CH4 dissociation, CO2 dissociation and the dry reforming 
reaction using Rh catalysts on various supports. The dissociation of CH4 on Rh, at 423K, 
produced H2 and small amounts of C2H6; the intermediate species CH3, rapidly 
decomposes further to surface carbon and hydrogen atoms, as no CH3 or CHx species 
were identified. It was shown that the dissociation of CO2 was aided by the addition of 
CH4; the hydrogen formed in the CH4 decomposition promotes the dissociation of CO2. 
In the dry reforming studies, no deactivation of the Rh catalysts occurred; signifying that 
the surface carbon formed reacted away efficiently before stable amorphous or graphitic 
carbon is formed. 
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CHAPTER THREE 
 
3.0 Experimental 
 
The production of the CNTs and CNFs in this research is by Catalytic Chemical Vapour 
Deposition (CCVD). Ultra High Purity (UHP) i.e. 99.0% purity grade gases as supplied 
by AFROX (African Oxygen) Ltd were used.  
 
3.1 Decomposition of Methane and Carbon Dioxide 
 
Catalysts used as supplied by Sigma Aldrich without any further pre-treatment before the 
experimental runs. Approximately 10g of catalyst (unless otherwise stated) is placed on 
quartz wool which is located 28cm (from the bottom) within a vertically orientated tube 
of Figure 3.1 An electric furnace heats the mullite tube (inner diameter of 50mm; length 
of 1050mm). Before the commencement of an experimental run the reactor (Figure 3.1) 
was purged with argon so as to free the line from oxygen, detect leaks and to prevent the 
formation of nitrites (Kuwana et al., 2005). Experiments conducted at temperatures 
ranging from C°−1000650  for CO2 and C°− 850650  for CH4. The CO2 decomposition 
temperatures were selected as suggested in section 2.7. The feed flowrate used was 487 
ml/min. Effluent gas sampled using a sample collection cylinder for gas chromatography 
(GC) analysis. The detailed CCVD apparatus is shown in Figure 3.1, utilized for growth 
of the CNTs and CNFs. 
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Figure 3.1: Diagrammatic representation (not to scale) of the CCVD used for production 
 
3.2 Reforming of Methane with Carbon Dioxide 
 
For the dry reforming of CH4, the catalyst was loaded onto a quartz fritt (porosity of 40-
90 micron) positioned in the centre of a quartz tube (inner diameter of 50mm and length 
of 1000mm). The feed gases of CO2 and CH4 were supplied at an equal flowrate (unless 
otherwise stated). Experiments were conducted at temperatures ranging from 
C°− 950650 , this is based on the acceptable temperature range used for CO2 reforming 
of CH4 (discussed in section 2.8). For the kinetic experiments at C°750 , the CH4 
flowrate was kept constant at 308 ml/min and the CO2 flowrate was varied from 154 to 
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927 ml /min. Then experiments are conducted were the CO2 flowrate was kept constant at 
308 ml/min and the CH4 flowrate changed from 154 to 927 ml/min. Similar experiments 
were done at C°800  and C°850 .  The duration of each experimental run is 60 minutes. 
The growth conditions used for the experimental runs are presented in Table 3.1. 
 
Table 3.1: The conditions at which experiments are performed for the CCVD method 
 
Temperature (oC) Catalyst CO2 (ml/min) CH4 (ml/min) 
650 LaNi5 alloy  487 
750 LaNi5 alloy  487 
850 LaNi5 alloy  487 
650 LaNi5 alloy 487  
700 LaNi5 alloy 487  
750 LaNi5 alloy 487  
850 LaNi5 alloy 487  
800 Mischmetal Nickel alloy 487  
750 1% Pt. on Alumina (2.5g) 487  
750 Ni (2.5g) & LaO5 (2.5g) 487  
750 LaNi5 alloy 154, 308, 616, 927 
308 
308 
154, 308, 616, 927 
800 LaNi5 alloy 154, 308, 616, 927 
308 
308 
154, 308, 616, 927 
850 LaNi5 alloy 154, 308, 616, 927 
308 
308 
154, 308, 616, 927 
950 LaNi5 alloy 487 487 
750 Mischmetal Nickel alloy 487 487 
850 Mischmetal Nickel alloy 487 487 
950 Mischmetal Nickel alloy 487 487 
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3.3 Equipment used for Analysis 
 
Characterization of the carbon products is by using Transmission Electron Microscopy 
(TEM) and Raman Spectroscopy (J-Y T64000) techniques due to the nanometer scale 
dimensions involved. TEM (Joel JEM 100S) and high magnification TEM (Philips 
CM200) was utilized. Gas chromatography (Agilent Technology 6820) was used for 
analysis of the exit gas samples. 
 
3.3.1 Use of Transmission Electron Microscopy 
 
In order to observe the products, 5ml of methanol was added to the samples and placed in 
a sonic bath for 10 minutes. A few drops of the resulting suspension were deposited onto 
a lacey carbon film on a copper grid. The methanol was evaporated (air-dried) before the 
copper grid was loaded into the sample chamber of the TEM for observation. 
 
3.3.2 Use of Raman Spectroscopy 
 
Raman spectroscopy is of crucial importance for better understanding of the structure and 
the type of CNTs as well as providing crucial information about the quality of CNTs, 
whether as-grown CNTs have defects or are well graphitized. This tool also gives 
information about the type of CNTs whether they have armchair, zigzag, or chiral 
structures. It is a quick and non-destructive tool for CNT characterization since SWCNTs 
and MWCNTs give characteristic peaks. The Raman spectra of CNTs are unique and 
distinct due to their one dimensional (1D) nature (Shiri, 2007). It is used in the study of 
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vibration, rotational and other low-frequency modes in a system. Incoming photons from 
a laser scatter in-elastically with phonons or other excitations in the system. The energy 
of the scattered photons can be shifted up or down. This shift in energy gives information 
about the phonon modes in the system. This in-elastic scattering of the light is termed 
Raman scattering (Rao et al., 1997; Dresselhaus et al., 2005). 
 
The characteristic features of CNTs in the Raman shift (Figure 3.2) are: (a) a low 
frequency peak < 200cm-1, whose frequency depends on the diameter of the tube (RBM: 
radial breathing mode); (b) a large structure (1340 cm-1) assigned to residual ill-organized 
graphite, namely the ‘D-Band’ (D meaning disorder) (Maultzsch et al., 2002) whereas in 
perfectly ordered graphite there is no ‘D band’; (c) a high-frequency bunch, the ‘G-Band’ 
between 1500 and 1600 cm-1 (G meaning graphite); (d) a second order observed mode 
between 2450 and 2650 cm−1 assigned to the first overtone of the D mode and often 
called G’ mode; (e) a combination mode of the D and G modes between 2775 and 2950 
cm−1 (Belin and Epron, 2005). 
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Figure 3.2: Raman spectrum showing the most characteristic features of CNTs: radial 
breathing mode (RBM), the D band, G band and G’ band (Belin and Epron, 2005) 
 
The distinction between SWCNTs and MWCNTs is possible due to the ratio of the 
integrated D- and G-band being inversely proportional to the crystallite size of graphite. 
The ratio of the D- and G- band is also used as an indicator of the amount of disorder 
within CNTs. An ID/IG ratio in the range 0.1 – 0.2 indicates the defect level in the atomic 
carbon structure is low, signifying reasonable crystalline quality (Eklund et al., 1995; 
Dresselhaus et al., 2002). 
 
The samples did not need any pre-treatment to be inspected using Raman Spectroscopy. 
The carbon products were analyzed at nominally room temperature and the power at the 
sample was kept low (~1.2 MW) to minimize local heating. The argon laser line was at 
an excitation wavelength of 514.5 nm. 
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3.3.3 Use of Gas Chromatography 
 
A gas chromatograph is a chemical analysis instrument that separates gas mixtures into 
individual components. It usually consists of a double column system with two detectors, 
namely the thermal conductivity detector (TCD) and flame ionization detector (FID) 
which is used for detecting inorganic and organic compounds, respectively. A carrier gas 
transports the gas mixture of unknown components and composition through a tube, 
called a column. This column restricts different components at different temperatures and 
allows certain components to continue to the detector, depending on the temperature of 
the column. The components are identified electronically by the detector at different 
times (retention time), by generating a chromatogram. 
 
Samples of the exit gas collected during experimental runs are injected into the gas 
chromatograph to determine if the input gases did break down. If decomposition of the 
input gasses did occur the gas chromatograph provides information about the extent of 
the decomposition. The TCD, equipped with carboxen-1000 (2.0 m x 1/8 inch, stainless 
steel) packaging was used to analyze the gasses. Since the detector works on the gas 
stream’s Thermal Conductivity Differences, argon was used as the carrier gas. Argon has 
a low thermal conductivity and is inert in nature, which eliminates contamination of the 
sample. The flow of argon is kept constant at 10 Psi. The preloaded ‘method’ used is an 
initial temperature hold at C°35  for 5 minutes. This is followed by a ramp up to the 
maximum temperature of C°150  at a rate of C°20 per minute. The oven is kept at this 
temperature for three additional minutes with the complete cycle duration lasting 13.75 
minutes. 
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CHAPTER FOUR 
 
4.0 Results and Discussion 
 
4.1 TEM images of CNFs produced using CH4 
 
TEM experiments conducted to confirm the growth of CNTs or CNFs. The TEM images 
provided information on the structural (diameter and length) and morphological 
characteristics of the carbon products. Figure 4.1 shows a characteristic TEM image of a 
straight CNT produced at C°650  using lanthanum nickel alloy (LaNi5) as catalyst. Figure 
4.2 shows TEM micrographs of CNTs and CNFs produced at C°650  with LaNi5 catalyst. 
 
 
Figure 4.1: CNT produced at C°650  using LaNi5 
 
250 nm 
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a)  
b)  
 c)  
Figure 4.2: a) CNTs, b) a CNF and c) CNT produced at C°650  using LaNi5 
 
200 nm 
400 nm 
666 nm 
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Figure 4.3 is a HMTEM image of a CNT produced at C°650  using LaNi5. The outer 
diameter of this CNT is nm60 . Figure 4.4 clearly shows the hollow core of a nanotube 
produced at C°750  using LaNi5. This CNT is mµ5.3~  in length and most of it is 
uncontaminated by the catalyst. 
 
 
Figure 4.3: HMTEM image of CNT produced at C°650  using LaNi5 
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Figure 4.4: CNTs produced at C°750  using LaNi5 
 
The two CNTs depicted in Figure 4.5 show multiple wall structure of the nanotubes, with 
(a) having an inner diameter of nm6.6  and an outer diameter of nm6.16 ; (b) nm10  
inner diameter and outer diameter of nm2.23 . The concentric arrangement of the 
graphene sheets parallel to the tube axis, which is typical for a multi-walled tube 
structure, is confirmed in Figure 4.5. The CNTs shown in Figures 4.5 – 4.7 were 
produced at C°750  using LaNi5. 
 
100 nm 
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Figure 4.5: HMTEM image of the CNTs produced at C°750  using LaNi5 
 
 
 
Figure 4.6: CNTs produced at C°750  using LaNi5 
(a) (b) 
200 nm 
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HMTEM of the carbon nanostructures as shown in Figures 4.7 and 4.8 which indicate 
that multi-wall carbon nanotubes are produced at temperatures of C°750  and C°850 , 
respectively. The CNT shown in Figure 4.7 has an outer diameter of nm3.26  and the 
CNT in Figure 4.8 has an outer diameter of nm2.75 . 
 
 
Figure 4.7: HMTEM image of a CNT produced at C°750  using LaNi5 
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Figure 4.8: HMTEM image of a CNT produced at C°850  using LaNi5 
 
The synthesized CNTs ranged in length from several hundreds of nanometres to several 
microns across all the samples. Methane produces well-defined CNTs with a low content 
of amorphous carbon adhering to the external walls at all temperatures, which is in 
agreement with the documented literature (He et al., 2006; Gao et al., 2008; Chai et al., 
2007). The most effective catalysts in the decomposition of methane to CNTs are Fe and 
Ni based (He et al., 2006; Zhao et al., 2007; Li et al., 2008). Due to this reason methane 
is easily decomposed by the nickel alloy (LaNi5) catalyst at temperatures ranging from 
C°650  to C°850  (Inoue et al., 2008). Analysis by gas chromatography showed that there 
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is decomposition of CH4 at C°750  to 13.65% H2 and 28.02% other hydrocarbons that 
were not calibrated for (remainder 58.33% CH4). 
 
4.1.1 Raman Spectroscopy Analysis (using CH4 only) 
 
Raman spectra for the samples produced using methane and LaNi5 are displayed in 
Figures 4.9 – 4.11. From Figures 4.9 – 4.11 it can be seen that the peaks correspond to 
those that signify the presence of CNTs. The first peak is between 1300 and 1400 cm-1 
(D-band), the second is just before 1600 cm-1 (G-band) and the last around 2700 cm-1 
(G’-band), which indicates the presence of CNTs. 
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Figure 4.9:  Raman spectrum of carbon produced using CH4 at C°650 , with the D-band 
at 1360 cm-1 and G-band at 1600 cm-1 
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Figure 4.10:  Raman spectrum of carbon produced using CH4 at C°750 , with the D-band 
at 1352 cm-1, G-band at 1585 cm-1  and G’-band at 2701 cm-1 
 
The Raman spectra show that CNTs with essentially similar properties are produced at 
the temperatures of C°650 , C°750  and C°850  using methane. This confirms the TEM 
images shown in Section 4.1. Most of the CNTs produced using LaNi5 catalyst are not 
agglomerated and entangled with each other. Such CNTs are ideal for integration into 
devices i.e. CNT – based field effect transistors (FET) etc. 
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Figure 4.11:  Raman spectrum of carbon produced using CH4 at C°850 , with the D-band 
at 1354 cm-1, G-band at 1591 cm-1  and G’-band at 2714 cm-1 
 
Durrer et al. (2008) showed that SWCNTs might be grown for use in devices such as 
CNT sensors. The CNTs grown using CH4 may have potential applications in electronics, 
thus ways to improve their crystalline quality and control their chirality need 
investigation. 
 
4.2 TEM images of CNTs and CNFs produced using CO2 
 
Figure 4.12 shows that CNTs, helical and straight fibers with various diameters were 
synthesized at C°650  using LaNi5 as a catalyst. Some of the CNTs and CNFs grow from 
the large catalyst particle also shown in the TEM image. 
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Figure 4.12: CNFs and CNTs produced at C°650  using lanthanum nickel alloy 
 
CNFs and CNTs in Figure 4.13 are produced at C°700 using LaNi5 and appear to overlap 
each other. The longest of the fibres in the TEM image is mµ3.2~ . Metal catalyst 
particles are visible in the image including carbon structures such as amorphous carbon 
and graphitic particles. 
 
 
Figure 4.13: CNTs and CNFs produced at C°700  using lanthanum nickel alloy 
250 nm 
500 nm 
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a)  
b)  
Figure 4.14: a) CNFs and b) possible CNT produced at C°700  using lanthanum nickel 
catalyst 
 
At C°750  CNFs are produced using the LaNi5 catalyst, as shown in Figures 4.15. Figure 
4.15 (a) and (b) shows the catalyst particles that catalyses nanofiber growth are attached 
on the ends of the nanofibers. The diameter of the vertical nanofiber in Figure 4.15 (a) 
is nm5.72~ . 
400 nm 
250 nm 
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a)  
b)  
c)  
Figure 4.15: a) CNFs, b) CNFs (attached to catalyst particles) and c) a twisty CNF 
produced at C°750  using lanthanum nickel alloy 
250 nm 
250 nm 
250 nm 
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In Figure 4.16 the CNF has a diameter of nm5.217~  and does not appear to have any 
catalyst particles embedded inside its structure. 
 
 
Figure 4.16: CNF produced at C°850  using lanthanum nickel alloy 
 
The CNFs in Figure 4.17 are produced at C°850  using LaNi5. It is widely believed that 
there is a correlation between catalyst particle size and CNF diameter (Cheung et al., 
2002). Figure 4.17 (a) displays the catalyst particle at the tip of the nanofiber indicating 
that the as-grown CNF has the same diameter as the catalyst particle. 
 
 
  
250 nm 
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a)  
b)  
c)  
Figure 4.17: a) CNF on the nickel catalyst, b) CNFs, c) CNF produced at C°850  using 
lanthanum nickel catalyst 
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Figure 4.18 displays CNFs produced at C°800  using a mischmetal nickel alloy as the 
catalyst. In Figure 4.18 (a) the nanofibers are relatively free of any catalyst particles in 
their structure, with the longest nanofiber mµ6.3~  long. 
 
a)  
b)  
Figure 4.18: a) CNFs and b) hollow CNF produced at C°800  using mischmetal nickel 
catalyst 
 
CNFs produced at C°750  using platinum and alumina powder catalyst is shown in 
Figure 4.19. Figure 4.19 (a) shows a CNF mµ44.1~  in length that does not have any 
250 nm 
666 nm 
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catalyst particles inside it or at its ends. Figure 19 (b) shows that CNTs may also be 
formed at these conditions. 
  
a)  
b)  
Figure 4.19: a) CNF and b) CNFs and CNTs produced at C°750  using 1% Pt on alumina 
powder 
 
From Figure 4.12 to Figure 4.19 it is easily seen that CNFs are produced using CO2 at 
temperatures ranging from C°650  to C°850 . At C°650 and C°700 there are CNTs 
being produced (Figures 4.12 – 4.14). This means that at relatively low temperatures it is 
possible to produce CNTs using only CO2. The CNFs become more distinct and longer as 
250 nm 
250 nm 
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the temperature increases (greater degree of graphitisation) as can be seen at C°800  
and C°850  (Figures 4.16 – 4.18). The TEM micrographs indicate that the CNFs 
produced by CO2 have an array of varying lengths and diameters.  In some of the TEM 
images, the catalyst particles on which the CNTs and CNFs were grown were observed; 
showing the catalytic nature of this process. The reaction temperature played a crucial 
role in the synthesis process of CNTs and CNFs, which is in agreement with literature 
(Xu and Huang, 2007).  
 
The breakdown of CO2 may be attributed to the type of catalysts used. The LaNi5 catalyst 
contains lanthanum, a rare earth metal with the property of being able to decompose CO2 
into CO, C and O2.  Gas Chromatography analysis showed that CO2 is decomposed 
during the experiment at C°650  using LaNi5 to the extent of 5.33% O2 and 2.02 % CO 
(remainder 92.65% CO2). Mischmetal, an inter-metallic alloy composed of rare earth 
metals which is produced by fused chloride electrolysis of the light lanthanide elements 
i.e. from lanthanum to lutetium together with scandium and yttrium (Lannou et al., 2003) 
allows it to also decompose CO2. CO2 is more chemically stable than gaseous 
hydrocarbons at high temperature, so it is difficult to be activated or decomposed to 
CNTs and CNFs (Lou et al., 2003). The LaNi5 and mischmetal nickel catalyst have 
shown that although decomposition of CO2 is difficult it is still possible at the relatively 
low temperatures of C°650 , C°750  and C°850 . 
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4.2.1 Raman Spectroscopy Analysis (using CO2 only) 
 
The Raman spectra for the samples are displayed in Figures 4.20 – 4.26. Figures 4.20 and 
4.21 are of samples produced using LaNi5 at C°650  and C°700 , respectively. 
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Figure 4.20:  Raman spectrum of carbon produced using CO2  at C°650 , with the D-
band at 1352 cm-1, G-band at 1593 cm-1 and G’-band at 2710 cm-1 
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Figure 4.21:  Raman spectrum of carbon produced using CO2  at C°700 , with the D-
band at 1360 cm-1, G-band at 1603 cm-1 and G’-band at 2698 cm-1 
 
Studies have shown CNTs produced using lanthanum nickel alloy as catalyst are good 
hydrogen storage materials (Yi et al., 2006; Zhang et al., 2004). The CNTs shown in 
Section 4.2 produced using CO2 and LaNi5 may also have such properties, and 
accordingly exploration into this aspect may yield similar results. 
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Figures 4.22 and 4.23 shows samples produced using LaNi5 at C°750  and C°850 , 
respectively. 
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Figure 4.22:  Raman spectrum of carbon produced using CO2  at C°750 , with the D-band 
at 1356 cm-1, G-band at 1591 cm-1 and G’-band at 2701 cm-1 
 
 
 
 
 
 
 62 
4000
6000
8000
10000
12000
14000
16000
800 1200 1600 2000 2400 2800 3200
Raman Shift (cm-1)
In
te
n
si
ty
 
(a.
u
.
)
Figure 4.23:  Raman spectrum of carbon produced using CO2  at C°850 , with the D-band 
at 1350 cm-1, G-band at 1591 cm-1 and G’-band at 2685 cm-1 
 
The peaks around 1600cm-1, G-band (Figures 4.20 – 4.23) corresponds to an E2g mode of 
graphite and is related to the vibration of sp2 – bonded carbon atoms in a two-
dimensional hexagonal lattice, such as in a graphitic layer  (Tuinstra and Koenig, 1970). 
Nanotubes with concentric multi-walled layers of hexagonal carbon lattice display the 
same vibration (Kasuya et al., 1997). The D-band, in the region of 1350 cm-1, is 
associated with the presence of defects in the hexagonal graphitic layers (Lou et al., 
2003). This means that the LaNi5 catalyst is capable of producing CNFs and MWCNTs 
(with some defects in their structure) using CO2. 
 63 
Figure 4.24 is of a sample produced using mischmetal nickel alloy at C°800 . The 
intensity of the D-band was bigger than the G-band intensity, which indicated that there 
were defects in the structure of the CNTs. 
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Figure 4.24:  Raman spectrum of carbon produced using CO2 at C°800  
 
Figures 4.25 shows a sample produced using a catalyst of 1% Pt on Alumina powder 
at C°750 . From Figure 4.19 it is seen that CNTs may have been formed at these 
conditions but this reaction is catalyzed by a noble metal, platinum. Consequently, the 
high cost involved in using such a catalyst may negate any economic advantage gained 
by using a greenhouse gas (CO2). 
D-band 
G-band 
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Figure 4.25:  Raman spectrum of carbon produced using CO2 at C°750  
 
The Raman spectra show that CNTs and CNFs are produced during the experiments 
using CO2 only. However, the CNTs were few and far between as they were not easily 
characterised as such using the TEM. 
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Figure 4.26 shows the Raman spectra of the catalyst particles tested after the reaction. 
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(c)
Figure 4.26: Raman spectra of catalyst particles after the reaction using CO2 a) LaNi5 
at C°650 , b) LaNi5 at C°700  and c) mischmetal nickel alloy at C°800  
 
The high intensity D-band peaks (1350 – 1400 cm-1) in Figure 4.26 indicates that there is 
an amount of disordered carbon (CNFs or CNTs) deposited on the metallic catalyst 
particles. 
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4.3 TEM images obtained when dry reforming of CH4 has taken place 
 
Figures 4.27 and 4.28 show that CNTs have been formed when dry reforming of CH4 
takes place at C°750  and the catalysts used are LaNi5 and mischmetal nickel alloy, 
respectively. The CNTs produced using the mischmetal nickel alloy has a better wall 
structure than the ones formed with the lanthanum nickel alloy. 
 
a)  
b)  
Figure 4.27: a) CNTs and b) disordered CNTs produced at C°750  during dry reforming 
using LaNi5 
200 nm 
250 nm 
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a)  
 b)  
c)  
Figure 4.28: a) Network of CNTs, b) CNTs and c) CNT produced at C°750  during dry 
reforming using mischmetal nickel alloy 
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Figure 4.29 show CNTs produced at C°850  using the mischmetal nickel alloy catalyst. 
Some of the catalyst particles lose their circular shape before the completion of CNT 
growth (Figure 4.29 (b)). 
  
a)  
b)  
Figure 4.29: a) CNT produced at C°850  during dry reforming using mischmetal nickel 
alloy and b) CNT not fully formed 
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Figure 4.30 shows filamentous carbon and amorphous carbon produced at C°850  using 
the mischmetal nickel alloy catalyst. 
 
 
Figure 4.30: HMTEM image of the catalyst particle (dark spot) and the carbon 
nanostructures (grey) 
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At C°950 , using the mischmetal nickel alloy catalyst very few CNTs are formed as 
displayed in Figure 4.31. 
 
 
Figure 4.31: HMTEM image showing few CNTs are produced at C°950  
 
During the reforming of CH4 with CO2 it is shown that CNTs and CNFs are produced 
at C°750  but these carbon species become less defined at C°850  (Figure 4.30) and they 
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are almost non-existent at C°950  (Figure 4.31). From the TEM images it seems that 
hydrogen does play a role in the selection of the carbon species that is produced. When 
using CO2 alone to produce CNFs it is possible to produce CNTs at relatively lower 
temperatures but they are not as clearly defined as those that are produced with CH4. At 
higher temperatures it is only possible to produce CNTs when hydrogen is involved in 
any form. This proposal agrees with the conclusions drawn by Mendoza et al. (2006) that 
hydrogen may inhibit the production of other kinds of carbonaceous material and enhance 
the growth of crystalline nanotubes. The differences in appearances of the CNTs and 
CNFs (produced using CO2 only, CH4 only and CH4/CO2 reforming) can be attributed to 
the size, crystal imperfections and structures of the various catalyst particles.  
 
To analyze which elements are contained on the dark part (indicated by arrow) in Figure 
4.31, energy dispersive X-ray spectroscopy (EDS) was used. EDS is a technique for 
elemental analysis, where the radiated X-ray beam emitted from a specific material is 
collected after the incident electron beam is focused on it. Since each element of the 
periodic table has a unique atomic structure, the characteristic X-rays from each element 
are uniquely distinguished from others. Generally, the incident beam excites an electron 
in the inner shell of an element leaving a hole in the shell, which is followed by the hole 
filling with an electron from outer shell. The difference in energy between the electronic 
orbitals is released in the form of an X-ray photon. The X-rays emitted by the sample are 
then detected and analyzed by the energy dispersive spectrometer (Heo, 2008).  Figure 
4.32 shows the EDS spectra that is obtained. 
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Figure 4.32: Composition of catalyst particle after dry reforming of CH4 
 
Figure 4.32 reveals that some carbon is deposited on the surface of the catalyst particles 
but it is a very small amount. This means that at high temperatures the lanthanum nickel 
alloy and to a greater extent the mischmetal nickel alloy do not coke as readily as some 
catalysts conventionally used. Thus, these catalysts could prove effective to achieve 
stable operation for CO2 reforming of CH4. The Cu peaks arise from the Cu grid used, 
and also shown are the key constituents of the mischmetal nickel alloy i.e. Ce, La and Nd. 
The stability of the LaNi5 correlates with other studies done on lanthanum containing 
catalysts used in dry reforming (Blom et al., 1994; Martinez et al., 2004). 
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4.3.1 Raman Spectroscopy Analysis (using CO2/CH4 reforming) 
 
The Raman spectra for the samples produced using LaNi5 at C°750  and C°850  during 
the dry reforming of CH4 are shown in Figures 4.33 and 4.34, respectively. 
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Figure 4.33:  Raman spectrum of CNTs produced at C°750  during CO2 reforming of 
CH4, with the D-band at 1358 cm-1, G-band at 1593 cm-1  and G’-band at 2710 cm-1 
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Figure 4.34:  Raman spectrum of CNTs produced at C°850  during CO2 reforming of 
CH4, with the D-band at 1360 cm-1 and G-band at 1601 cm-1 
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Figures 4.35 and 4.36 show the Raman spectra of the samples produced using mischmetal 
nickel alloy catalyst at C°750  and C°850 , respectively. 
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Figure 4.35:  Raman spectrum of CNTs produced at C°750  during CO2 reforming of 
CH4, with the D-band at 1358 cm-1, G-band at 1599 cm-1  and G’-band at 2710 cm-1 
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Figure 4.36:  Raman spectrum of CNTs produced at C°850  during CO2 reforming of 
CH4, with the D-band at 1352 cm-1, G-band at 1589 cm-1  and G’-band at 2705 cm-1 
 
These spectra (Figures 4.33 – 4.36) indicate the production of CNTs. Figure 4.37 is from 
a sample which did not display any CNTs being formed on the TEM images. This is re-
affirmed by the Raman Shift peaks not following the same pattern as the ones in Figure 
4.33 or 4.35. This sample was produced at C°950  using LaNi5 as the catalyst. Table 4.1 
is a summary of results from Figures 4.1 – 4.37 showing the gas or gasses, temperature, 
catalyst used and carbon produced. 
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Figure 4.37:  Raman spectrum of sample when CNTs were not formed during dry 
reforming 
 
It is seen from Table 4.1 that the nickel catalysts of LaNi5 and mischmetal nickel alloy 
can be used to produce MWCNTs and CNFs. Table 4.1 also shows the results for the GC 
analysis done whereby, the unknown gasses are those that are not calibrated for. The 
CNTs produced using LaNi5 and CH4 had little amorphous carbon with the multiple-wall 
structure of the CNTs easily seen in the HMTEM images. An increase in temperature 
from C°650  to C°850  leads to the CNTs and CNFs produced using CO2 and LaNi5 
becoming more defined. A suitable catalyst for the dry reforming of methane with carbon 
dioxide is the mischmetal nickel alloy at a temperature of C°950  as less carbon 
nanotubes are produced and there is a higher percentage of synthesis gas in the outflow. 
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Table 4.1: Summary of carbon produced using CH4 only, CO2 only and CH4/CO2 
reforming at different temperatures 
 
Gas Temperature (oC) Catalyst Carbon Produced Output Gas 
CH4 750 LaNi5 alloy MWCNTs 13.65% H2 
28.02% unknown 
58.33% CH4 
CH4 850 LaNi5 alloy MWCNTs 17.52% H2 
15.02% unknown 
67.46% CH4 
CO2 650 LaNi5 alloy MWCNTs, CNFs 5.33% O2 
2.02% CO 
92.65% CO2 
CO2 750 LaNi5 alloy MWCNTs, CNFs 0.06% O2 
12.03% CO 
87.91% CO2 
CH4/CO2 750 LaNi5 alloy MWCNTs 10.27% H2 
11.3% CO 
35.59% CH4 
42.84% CO2 
CH4/CO2 850 LaNi5 alloy MWCNTs 11.66% H2 
5.83% CO 
34.51% CH4 
48% CO2 
CH4/CO2 750 Mischmetal Nickel alloy MWCNTs 14.18% H2 
9.67% CO 
8.97% CH4 
67.18% CO2 
CH4/CO2 950 Mischmetal Nickel alloy Few MWCNTs 49.51% H2 
25.21% CO 
8.61% CH4 
16.67% CO2 
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4.4 Kinetics 
 
The limitation of external mass transfer is tested through variation of feed flow rate i.e. 
when the reforming rate does not change with the change of flow rate, limitation of 
external mass transfer is negligible (Tsipouriari and Verykios, 2001; Zang, 2008; Nandini 
et al., 2006). In order to check the limitation of internal mass transfer, variation of 
catalyst particle size is done (Tsipouriari and Verykios, 2001; Nandini et al., 2006). A 
study undertaken by Forni (1999) showed internal mass transfer is dependent on particle 
radius but kinetics is independent of radius. Accordingly, rate limitations by external or 
internal mass transfer, under differential conditions were proven negligible by applying 
suitable criteria. The disappearance rate of reactant is calculated using equation 4.1 while 
the formation rate of product is calculated with equation 4.2. The reforming rate of CO2 
reforming of CH4 is given in terms of CH4 consumption rate. 
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Where: 
catm , is the mass of catalyst (g) 
o
iF , is the molar outlet flowrate 
f
iF , is the molar inlet flowrate 
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As discussed in the experimental design of Section 3, experiments were performed in the 
temperature range C°− 850750  with an inlet feed of CO2 and CH4 at the flowrates listed 
in Table 3.1. Figures 4.38 and 4.39 show the effect of varying CO2:CH4 ratios on the 
formation rate of CO at C°750 , C°800  and C°850 . From Figure 4.38 it can be seen that 
the formation rate of CO increased as the CO2 was increased. The formation rate of CO 
did not change considerably with an increase in CH4 as noted in Figure 4.39. The 
influence of the Reverse Water-Gas Shift Reaction (RWGS) can be attributed as the 
difference between observations in Figures 4.38 and 4.39. 
 
RWGS: CO2 + H2  CO + H2O           (2.5) 
 
By using constant CH4, the reaction rate of CO2 reforming of CH4 was constrained due to 
restricted availability of CH4. Nonetheless, the formation of CO still enhanced a lot 
through the RWGS reaction between H2 and excess CO2 when CO2 was increased 
continuously as shown in Figure 4.38. At constant CO2, the formation rate of CO only 
increased slightly with the increase in CH4 (Figure 4.39). 
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Figure 4.38: Effect of different CO2:CH4 ratios on formation rate of CO over the nickel 
alloy catalyst at C°750 , C°800  and C°850 (CO2 changing, CH4 constant) 
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Figure 4.39: Effect of different CO2:CH4 ratios on formation rate of CO over the nickel 
alloy catalyst at C°750 , C°800  and C°850  (CH4 changing, CO2 constant) 
 
The effect of different CO2:CH4 ratios on the formation rate of H2 at C°750 , C°800  and 
C°850  are shown in Figures 4.40 and 4.41. At constant CH4 (Figure 4.40), it is clear that 
H2 formation rate increased at low CO2:CH4. The increase in H2 formation is due to 
increase in reaction rate of CO2 reforming of CH4 when more CO2 was available. 
Thereafter, the formation rate of H2 was reasonably stable. The RWGS reaction could 
also be increasing with the availability of excess CO2. Equivalence of the increase of CO2 
reforming of CH4 to the increase of the RWGS reaction results in constant formation of 
H2. However, as shown in Figure 4.38 the formation rate of CO will continue to increase. 
A drop in the formation rate of H2 is seen at high CO2:CH4. Since the increase of the H2 
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formation rate from CO2 reforming of CH4 reaction was less than the rate of consumption 
from the RWGS reaction when CH4 was limited but CO2 was in excess. 
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Figure 4.40: Effect of different CO2:CH4 ratios on formation rate of H2 over the nickel 
alloy catalyst at C°750 , C°800  and C°850 (CO2 changing, CH4 constant) 
 
Figure 4.41 shows that at constant CO2, the rate of formation of H2 slightly increased in 
the beginning and was steady with an increase in CH4:CO2. This indicated that both the 
CO2 reforming of CH4 reaction and RWGS reaction were restricted when limited CO2 
was available. 
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Figure 4.41: Effect of different CO2:CH4 ratios on formation rate of H2 over the nickel 
alloy catalyst at C°750 , C°800  and C°850 (CH4 changing, CO2 constant) 
 
The effect of temperature on the reaction rate of CO2 reforming of CH2 over nickel alloy 
catalyst is investigated in the temperature range of 1023 – 1123K. In order to calculate 
the activation energy, Ea and rate constant, k from the slope and intercept, respectively an 
Arrhenius plot of reaction rate versus 1/T (K) is done, shown by Figure 4.42. 
Consequently, an expression for the forward rate of reaction is given by equation 4.3. 
 
ri = KPCH4mPCO2n             (4.3) 
 
Where: 
K= koexp(-Ea/RT) 
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Keeping CH4:CO2 ratio constant then, 
 
A=koPCH4mPCO2n 
 
The natural logarithm (equation 4.5) is taken of the simplified expression for the rate of 
reaction (equation 4.4) generating a convenient plot from which the apparent activation 
energies for CH4, CO2 consumption, H2, and CO formation can be estimated. 
 
ri = A exp(-Ea/RT)             (4.4) 
 
ln ri = lnA - (Ea/RT)             (4.5) 
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Figure 4.42: Natural logarithm of reaction rate versus 1/T (K), where CO2:CH4:1 
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The apparent activation energy for CH4 and CO2 consumption, and H2 and CO 
production were 41.7, 47.5, 54.5 and 47.5 kJ/ mol, respectively. Comparison of apparent 
activation energies of lanthanum nickel catalyst with reported Ni-based catalysts shows 
that there is difference in apparent activation energy, possibly due to the difference of 
catalyst systems applied in the relevant studies (Nandini et al., 2006; Lemonidou and 
Vasalos, 2002; Zhang, 2009; Bradford and Vannice, 1999). Tsipouriari and Verykios 
(2002) reported that the catalyst supports of Ni may influence significantly the activation 
energy by altering the rate-controlling step in the reaction sequence. The proximity of 
apparent activation energy values for CH4, CO2, and CO suggests that the rate-controlling 
step for CO formation is the same as that for CH4 and CO2 consumption (Lemonidou and 
Vasalos, 2002; Zang, 2008). Bradford and Vannice (1999) discussed that the activation 
energies of CO2 reforming of CH4 are typically between 33 and 100 kJ/mol while high 
values up to 160 kJ/mol are obtained for some catalysts. The apparent energy of H2 
formation being higher than that for CO formation is ascribed to be the result of the 
RWGS influence on the reaction mechanism (Bradford, 1996). 
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CHAPTER FIVE 
 
5.0 Conclusion and Recommendations 
 
5.1 Conclusion 
 
The greenhouses gases, methane and carbon dioxide were used in this study to make 
carbon nanofibers and synthesis gas through a vertical CVD reactor method. It was 
shown that carbon nanofibers and carbon nanotubes are produced using CH4, CO2 and 
dry reforming. The decomposition of CO2 was done at realistic temperatures 
( C°− 850650 ). The catalytic reforming of methane with CO2 to synthesis gas at 
moderately high temperatures is a promising technology in utilization of CO2. This well-
known process has long had a problem of catalyst deactivation due to coking. 
 
However, the lanthanum nickel alloy and to a greater extent, the mischmetal nickel alloy 
are promising catalysts in the dry reforming of CH4 as they do not require any pre-
treatment or preparation to withstand coking at the reaction temperatures used. The 
production of CNTs using methane (as the hydrocarbon source) is recognized as a 
feasible synthesis method and is quite often implemented. This synthesis technique shows 
that CO2 can be used as a carbon source to produce CNTs avoiding the inflammability 
and toxicity from CO during operation, and is helpful for environmental protection. 
However, it may prove to be costly to operate at an industrial scale in order to get 
satisfactory conversion of CO2. 
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5.2 Recommendations 
 
A study on the reaction mechanism during CO2 reforming of CH4 and formation 
mechanism of CNTs using LaNi5 will be helpful to design a catalyst system for mass 
production of CNTs with low cost and high quality or synthesis gas. The issue of 
determining whether it is tip or base growth mechanism for the CNFs needs investigation. 
The work regarding CO2 production of CNFs and CNTs is interesting and requires 
further exploration. 
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